Monospecific antibodies to glyoxysomal, mitochondrial, and cytosolic I malate dehydrogenase were used for the fluorescence immunohistochemical localization of these isoenzymes in dark-grown watermelon (Citrlus vulgaris Schrad.) cotyledons. It was demonstrated that, with cell organelies isolated by sucrose density gradient centrifugation, antibodies to glyoxysomal malate dehydrogenase were specific markers for glyoxysomes, and similarly, antibodies to mitochondrial malate dehydrogenase were markers for mitochondria. The time course of the glyoxysomal malate dehydrogenase appearance and decline was not synchronous for the individual tissues and differed completely from that of the mitochondria. The cytosolic malate dehydrogenase I was confined to restricted regions of the lower epidermis. The activity which was definitively localized outside the cell organeiles decreased during the first days of germination.
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The MDH2 isoenzymes in cotyledons of dark-grown fatty seedlings are involved in different metabolic functions, ie. the glyoxylate pathway, the tricarboxylic acid cycle, and the malate/aspartate shuttle (1 1). The individual forms exhibit different molecular properties (19, 20) , and they can be easily separated by PAGE, isoelectric focusing, or other techniques (16) . The association of the isoenzymes with different cellular compartments has been established by electrophoretic analyses of cell organelles which were purified by sucrose density gradient centrifugation (8) .
The individual isoenzymes which are numbered consecutively from the anode to the cathode are distributed in the following way: MDH V is located in the glyoxysomes; MDH III in the mitochondria; whereas MDH I, II, and IV are cytosolic isoenzymes.
Up to now, an in situ localization of the MDH isoenzymes in plant tissues has not been reported. Clearly, histochemical stains which assay enzyme activities would not achieve this purpose since they do not discriminate between the different isoenzymes. The availability of antibodies directed against individual isoenzymes which do not cross-react with the other isoenzymes (17, 18) ' Supported by the Deutsche Forschungsgemeinschaft (Grant Ho 383/ 19 ). This report presents information on the intracellular distribution ofgMDH, mMDH, and cMDH I in the cotyledons ofwatermelons during seed germination by the aid of immunofluorescence microscopy. For this purpose, indirect immunolabeling was used with monospecific antibodies against the isoenzymes and FITCcoupled goat-anti-rabbit immunoglobulin G's. The data confirm the hypothesis of the strict and precise compartmentation of the MDH isoenzymes and provide new information on their tissuespecific distribution.
MATERIALS AND METHODS
Plant Material. Watermelon seed (Citrullus vulgaris Schrad., var. Stone Mountain, harvest 1978) were obtained from Vaughan's Seed Company (Ovid, MI). They were germinated at 300C in the dark under sterile conditions on 0.8% agar as described before (7) . When indicated, 2-d-old seedlings were exposed to continuous white light (36 tuE/m2. s) at 25°C.
Preparation of Monospecific Anti-MDH Antisera. Anti-gMDH and anti-mMDH antisera were produced according to the methods of Walk and Hock (17, 18) . For the production of anti-cMDH I antiserum, the isoenzyme was purified according to Kaiser (10) , involving DEAE-cellulose (Serva) chromatography; ammonium sulfate fractionation; followed by chromatography on the Pharmacia gels Sephadex G-25, Sephacryl S-200, CM-Sephadex C-50, 5'-AMP-Sepharose 4B, QAE-Sephadex A-50, Blue Sepharose CL-6B, and isoelectric focusing. The immunization schedule was the same as with gMDH and mMDH as antigens. All antisera were fractionated by ammonium sulfate precipitation (12) in order to recover the immunoglobulin G (IgG) fractions.
Separation of Cell Organelles. Glyoxysomes and mitochondria were purified by sucrose density gradient centrifugation of a crude particulate fraction (crude 10,000g pellet after a 10-min centrifugation, corresponding to 30 cotyledons from 3-d-old dark-grown seedlings) as described before (8) .
Immunofluorescence Localization of MDH Isoenzymes. The tissue processing followed in general the procedures of Baumgartner et al. (1) and Tokuyasu and Singer (15) . One The fluorescence patterns correspond to the electron microscopic analysis (E, F). A high level of specific staining was observed when glyoxysomes were treated with anti-gMDH antibodies and mitochondria with anti-mMDH antibodies. In addition to the strong fluorescence of the particles, there was in both cases a distinct background fluorescence which was due to the leakage of the isoenzymes out of the organelles into the medium during preparation. When the antisera were substituted by control serum obtained prior to the immunization, a much weaker background without any particulate staining was observed. In spite of the absence of isocitrate lyase activity in the mitochondrial fraction, there was a slight cross-contamination of the mitochondrial fraction by glyoxysomes (Fig. 1B) which was typical for the high gradient loads. The reverse case shown in Figure IC is not representative; moreover, the weak fluorescence was due to an unspecific background staining, resulting from the loss of FITC marker from the secondary antibody. These data prove the suitability of the antibody labels for the immunohistochemical detection of cell organelles. Figure 2 shows the distribution of glyoxysomes in frozen sections obtained from dark-grown cotyledons of different age. On the left, representative sections of the palisade parenchyma are shown, while on the right, corresponding sections of the storage parenchyma are seen. In l-d cotyledons (Fig. 2, A and B) , occasionally a few glyoxysomes could be detected, usually close to the vascular bundles. The main appearance of the organelles did not occur before day 2 (Fig. 2, C and D) . The first places where the glyoxysomes could be seen were in the surroundings of the vascular bundles and in the lower epidermis and in a few neighboring layers of the future spongy parenchyma which at this time serves as a storage parenchyma. The diameters of the globular organelles were between 1 and 2 ,um. On day 3, a distinctive progression of organelle production was observed. In the spongy parenchyma (Fig. 2F) , the glyoxysomes reached their maximal number and their most intensive fluorescence, whereas in the palisade layers, the maximum was achieved 1 d later (Fig. 2G) . At this time, a dramatic decline in glyoxysomal number and fluorescence had already taken place in the spongy parenchyma (Fig. 2H) . (Fig. 4E) . From these data, a characteristic developmental pattern for glyoxysomes is. inferred with an increase from almost zero levels to a maximum in organelle numbers and fluorescence intensities followed by a fast decline. The analysis of a large number of slices has shown that the different cotyledonary tissues exhibit shifted time courses, beginning with the lower epidermis, followed by the spongy parenchyma, especially in the neighborhood of vascular bundles, and later by the palisade parenchyma.
The differences in organelle appearance and number at different developmental stages were not due to an artificial covering of available antibody binding sites, e.g. by changing concentrations of cell constituents such as fat, etc. This possibility was ruled out by the immunocytochemical labeling of mitochondria with antimMDH antibodies which exclusively bind mMDH. Here, an entirely different labeling pattern was seen. Figure 3 shows the time course of fluorescence labeling in the storage parenchyma of 1-to 4-d cotyledons. By direct microscopic examination of fluorescent organelles which permits a quick evaluation of several focusing planes, the different appearance of mitochondria with their smaller and often curled forms became evident. Most importantly, there was already a significant and specific labeling in l-d cotyledons (Fig. 3A ) which increased to a high level at day 2 (Fig.  3B) . Three-and 4-d cotyledons exhibited a further increase which, however, was much smaller than the increase in the glyoxysomal number during the same period (Figs. 3, C and D fined to the lower epidermis (Figs. 4, A, C, and D) : it was entirely lacking in the upper epidermis (Fig. 4B) . The most intense fluorescence was observed in l-d cotyledons (Fig. 4A) , and it decreased as germination progressed (Fig. 4, C and D by the neighboring layers of the storage parenchyma and the surroundings of the vascular bundles (Fig. 4F) . It is tempting to envisage a functional connection between the future stomatal apparatus, which are not completely differentiated in these early stages, and the lower epidermal groups stained for cMDH activity.
DISCUSSION
Immunocytochemistry is the method of choice for the intracellular localization of isoenzymes when the enzyme reaction does not permit discrimination. The use of gMDH and mMDH as markers for glyoxysomes and mitochondria, respectively, was demonstrated by immunofluorescent labeling of organelles previously purified by sucrose density gradient centrifugation and identified by isocitrate lyase or fumarase activity as well as electron microscopy. By this technique, the cross-contamination of the two organelle fractions was checked; it confirmed the high purity of the glyoxysomal fraction in contrast to the mitochondrial fraction, which contained some glyoxysomes in the case of high organelle loads. Considering the sensitivity of the serological tests, it is likely that antibodies to glyoxysomal membranes will detect determinants of glyoxysomal origin -in mitochondrial fractions which were previously judged as pure on the basis of marker enzymes (9) . This type of experiment, therefore, does not provide clues to the question of common determinants in the glyoxysomal and the outer mitochondrial membrane. For this purpose, ultrastructural studies combined with immunochemical investigations are required.
The immunofluorescent labeling of gMDH and mMDH in cell organelle fractions and tissue sections yielded a considerable concentration of the dye in the organelles. These must have remained relatively intact, since particles cut prior to fixation only contribute to the background staining (C. Sautter, unpublished). The penetration of primary and secondary antibodies through the organelle envelopes without a prior leakage of the isoenzymes into the surrounding areas is not a contradiction. The treatment with low concentrations of formaldehyde fixed the original isoenzyme location without causing a destruction of the antibody binding sites. The subsequent passage through increasing sucrose concentrations provided the necessary cryoprotection during deep freezing and sectioning and also changed the permeability of the organelle membranes during thawing of the cut sections. This has been noticed before and was confirmed by electron microscopy (17, 18) . Moreover, in hypocotyls which were known to lack gMDH, no glyoxysomes could be detected by immunohistochemical techniques (not shown). On the other hand, fluorescent labeling of cMDH I was restricted to areas outside the organelles, which was to be expected in the case of a cytosolic isoenzyme.
Evidence for the different temporal and spatial pattern of glyoxysomal development in contrast to mitochondrial is based on the analysis of a large number of slices, of which only a few have been presented in this paper. This difference reflects the functional separation of fat degradation and respiration. The sequential appearance of glyoxysomes in the different cotyledonary tissues is closely correlated to the fat degradation which is known to be nonsimultaneous in the different parts of the cotyledons (5). The increase in mitochondria during germination as detected by fluorescent labeling of mMDH appeared to be almost simultaneous in the different tissues. This is in contrast to the findings of Flinn and Smith (3) who analyzed in pea cotyledons the distribution pattern of Cyt oxidase and succinate dehydrogenase by enzyme specific staining. This difference might be due to a contrast in fat and starch storing seedlings.
The immunochemical demonstration of cMDH I provides the first tissue-specific localization of a cytosolic MDH. The choice of this isoenzyme was governed by its occurrence in the embryo axis and the cotyledons, whereas the cMDH II and IV are restricted to the cotyledons (8) . The association of cMDH I with distinct groups of epidermal cells, probably meristemoids giving rise to the stomata, raises the question of the metabolic role of this isoenzyme.
Biochemical studies in our laboratory (4) have shown that in contrast to cMDH I, the organelle-bound MDH isoenzymes are synthesized as higher mol wt precursors which are processed during the importation into their organelles. This event is probably due to a posttranslational transport mechanism. It would be most important to study the intracellular route of the isoenzymes from the site of synthesis to their final destination. The immunochemical localization at the electron microscopic level provides the basis for these efforts, and significant contributions are to be expected using this technique.
